Predation may be a significant factor in the divergence of sympatric species although its role has been largely overlooked. This study examines the consequences of predation on the fitness of a pair of lacustrine stickleback species (Gasterosteus aculeatus complex) and their F 1 hybrids. Benthic sticklebacks are found in the littoral zone of lakes associated with vegetation and bare sediments, whereas limnetic sticklebacks spend most of their lives in the pelagic zone. The cutthroat trout (Oncorhynchus clarki ) is a major predator of sticklebacks and the only other fish species native to lakes containing both benthic and limnetic species.
INTRODUCTION
Adaptive radiations are characterized by the 'more or less simultaneous divergence of numerous lines all from much the same ancestral adaptive type into different… adaptive zones' (Simpson 1953, p. 223) . Adaptive zones can be thought of as divergent ways of obtaining food, avoiding encounters with predators or reducing the virulence of parasites. The idea that interspecific competition between consumer species can promote morphological divergence, potentially favouring subsequent speciation, in adaptive radiation has been addressed by numerous theories (Slatkin 1980; Milligan 1985; Taper & Case 1985; Abrams 1987a,b) and empirical studies (Brown & Wilson 1956; Grant 1975; Schluter et al. 1985; Schluter & McPhail 1992) .
Predation may also be critical to the origin and maintenance of divergence in sympatry, yet it has received less attention than competition (Schluter 2000) . When considered, it has primarily been viewed as an interaction that may alleviate the effects of competition (e.g. Paine 1966; Werner 1991) . However, predation may influence divergence via a number of other mechanisms. First, if two or more consumer species share a predator, they may diverge as a result of 'competition for enemy-free space' (Ricklefs & O'Rourke 1975; Jeffries & Lawton 1984; Holt & Lawton 1994; Abrams 2000) . Second, predation may favour further divergence after character displacement stemming from competition for food, if they encounter different suites of predators in the new habitats (Abrams 2000) . Predation may even facilitate character displacement by creating steeper fitness trade-offs between habitats. Finally, hybrids between two consumer species may suffer higher levels of predation if their intermediate defences are maladaptive in the habitats of their parents (Fryer 1959; Whitham 1989) . The morphology and behaviour of the parent species may represent adaptive peaks between which hybrids may be more susceptible to predators. The empirical evidence, however, has been mixed on this issue. The view that hybrids are more susceptible to attack than their parent species has received support from a number of studies (Whitham 1989; Floate et al. 1993; Hjalten 1998; Cummings et al. 1999) . However, other studies have found that hybrid fitness was not different from the mean fitness of the parent species (Aguilar & Boecklen 1992) or was similar to the fitness of the more susceptible parent species (Gange 1995; Hjalten 1998) .
In this paper we study some of the effects of a major predator, the cutthroat trout (Oncorhynchus clarki ), on the survival and growth of two sympatric stickleback species (Gasterosteus aculeatus complex) and their first generation (F 1 ) hybrids. This study was prompted by two considerations. First, cutthroat trout are the only other fish species native to all lakes containing pairs of benthic and limnetic sticklebacks (Schluter & McPhail 1992) . Interactions between cutthroat trout and sympatric sticklebacks, however, have not, to our knowledge, been addressed to date. This predator occurs in both littoral and pelagic habitats (Nilsson & Northcote 1981; Reimchen 1994 ) and potentially preys on both species. The well-developed defensive armour of limnetics (McPhail 1992; Vamosi 2002) and their exclusion from the littoral zone, a habitat that provides protection against predators for small fishes (Werner et al. 1983; Mittelbach 1984) , suggest they have higher encounter rates with cutthroat trout. For this reason, we predict similar survival of both species in the absence of predators and a reduction in limnetic survival in the presence of cutthroat trout. The alternative hypothesis is that the strategies adopted by limnetics and benthics (defensive armour and habitat refuge, respectively) are equally effective and the presence of trout will not affect the relative survival of the species. Growth rate of benthics is predicted to be higher than that of limnetics, as in previous experiments (Hatfield & Schluter 1999; Vamosi et al. 2000) , and this difference is expected to either remain the same or increase in the presence of cutthroat trout. Second, F 1 hybrids are found in low frequencies in lakes with benthic and limnetic sticklebacks (McPhail 1992) . Experiments conducted in the laboratory reveal no intrinsic inviability of F 1 hybrids (Hatfield & Schluter 1999) . A component of reproductive isolation between the sympatric species, thus, may involve ecological selection pressures against hybrids (McMillan et al. 1997; Hatfield & Schluter 1999; Vamosi & Schluter 1999; Vamosi et al. 2000) and predation may play a part. Hybrid survival is predicted to be lower than the parental species in the absence of cutthroat trout and further reduced in their presence. In the absence of ecological selection, growth rate of hybrids is expected to be the same as that of benthics in the absence of trout, as in the laboratory environment (Hatfield & Schluter 1999) , and reduced in their presence. If ecological selection is acting, hybrid growth rate is predicted to be intermediate in the absence of cutthroat trout, as in previous field experiments (Vamosi et al. 2000) , and further reduced in their presence.
MATERIAL AND METHODS

(a) Sympatric sticklebacks
Benthic and limnetic sticklebacks are found in Paxton Lake (49°42Ј N, 124°31Ј W) in the Strait of Georgia region of British Columbia, Canada. Paxton Lake is a small lake, with a surface area of 17 ha and a mean depth of 6 m. The populations are named for their morphological and habitat use differences: benthics are larger, deeper bodied fishes that forage on invertebrates associated with the vegetation and substrate, whereas limnetics are smaller, streamlined fishes that forage on zooplankton in the open-water zone (Larson 1976; McPhail 1992 consumption of both benthos and zooplankton in experimental ponds (Vamosi et al. 2000) . A number of studies have provided evidence for pre-mating (Hatfield & Schluter 1996; Nagel & Schluter 1998; Vamosi & Schluter 1999; Rundle et al. 2000) and post-mating (Hatfield & Schluter 1999; Vamosi & Schluter 1999; Vamosi et al. 2000) isolation between benthics and limnetics in Paxton Lake. These populations meet the criteria of the biological species concept (McPhail 1992; Rundle et al. 2000) , thus we follow previous studies in referring to them as species.
Wild benthic and limnetic individuals in reproductive condition were used as parents to make crosses. We made approximately 50 benthic, 35 limnetic and 80 reciprocal F 1 hybrid crosses for the experimental ponds. To supplement numbers of limnetics, owing to low trapping success and clutch sizes of limnetic females, we collected eggs from nests guarded by wild limnetic males. Because of the low number of limnetic eggs available for crosses, F 1 juveniles were ca. 90% (benthic female × limnetic male) and only ca. 10% (limnetic female × benthic male). The morphology, hatching success and growth rates of the reciprocal hybrid crosses do not differ in the laboratory (McPhail 1992; Hatfield & Schluter 1999) . The procedure for making crosses followed Vamosi et al. (2000) , with the exception that fishes were fed with infusoria cultures for the first 2, rather than 7 days before switching to a diet of brine shrimp (Artemia) nauplii.
(b) Cutthroat trout
Cutthroat trout, and no other predatory fish species, are native to all lakes with both benthic and limnetic sticklebacks (Schluter & McPhail 1992 ). Cutthroat trout larger than 100 mm standard length (SL) are known to forage on sticklebacks in both littoral and pelagic zones (Nilsson & Northcote 1981; Reimchen 1990 ) and piscivory can reach high levels in trout larger than 180 mm (Moodie 1972) . Sticklebacks of most size classes (10-80 mm) have been found in the diets of cutthroat trout (Moodie 1972; Reimchen 1990) .
We obtained cutthroat trout (range in SL: 170-250 mm) by angling in Placid Lake (49°19Ј N, 122°34Ј W), a small (1.6 ha) lake in the University of British Columbia (UBC) Malcolm Knapp Research Forest in June and August 1997. Trout were transported to the UBC and held in flow-through holding tanks for 2 to 5 days prior to their introduction to the experimental ponds. Logistic considerations, especially the mortality associated with transport of live fishes from more distant lakes, dictated --our choice of Placid Lake as the source for cutthroat trout. Sticklebacks do not occur in Placid Lake, and the diet of resident cutthroat trout consists of insects gleaned from the surface, large zooplankton from deeper offshore areas and benthic invertebrates from the littoral zone (Nilsson & Northcote 1981) . Nevertheless, cutthroat trout readily consumed sticklebacks in holding tanks and sticklebacks were recorded in the stomach contents of 25% of trout retrieved at the end of the experiment. We feel that the absence of sticklebacks from the source lake, while preventing the coevolution of cutthroat trout with sticklebacks, ensures that the results of our study would not be solely the result of prior experience with a specific phenotype.
(c) Experimental design
The experiment was conducted in 1997 at the UBC experimental pond facility. We used an incomplete block design having three treatments, with two treatments per divided pond. The design was unbalanced because only five ponds, rather than six, were available for the experiment (table 1). In the trout treatment, we introduced high densities of sticklebacks and added cutthroat trout. The high-density treatment, paired with the trout treatment in two ponds, was included as a control for the presence of trout. The low-density treatment, paired with the trout treatment in two ponds, was a control for the effects of lower density, proposed to occur as a consequence of predation by trout, on the growth of sticklebacks. We paired the low-and high-density treatments in a fifth pond. Fishes from each cross type were added in batches of 100 sampled haphazardly from a larger pool, which was created by combining fishes from all aquaria. Batches were assigned randomly to a specific pond and side. We added 700 individuals of each cross type to randomly assigned trout and high-density pond-sides, and 300 were added to low-density pond-sides (table 1) .
At the time of counting fishes for introduction, 100 randomly selected individuals of each cross type were preserved to provide an estimate of the starting size of individuals of each cross type. These fishes were narcotized with tricaine methanesulfonate (MS-222; Syndel Laboratories), fixed in 10% formalin for one week, stained in Alizarin red S and then preserved in 37% isopropyl alcohol. Additionally, at least 400 fishes of each cross type were raised in the laboratory for the duration of the experiment. A random sample of these fishes was later used to discriminate between benthics, limnetics and F 1 hybrids retrieved from the ponds using the methods detailed in Vamosi et al. (2000) .
Trout were stocked as they became available: two individuals were added to each trout pond side one week after the introduction of sticklebacks and an additional individual was introduced three weeks after the introduction of sticklebacks. Because the viability of cutthroat trout in the experimental ponds had not previously been assessed, we placed gill nets into the ponds at eight weeks to confirm that trout were still present in trout pondsides and absent from other pond-sides. Gill nets were removed after we had retrieved two trout from each trout pond-side, after which we introduced two new trout from the holding tanks. Cutthroat trout were retrieved from only trout-pond sides at this time; however, at the end of the experiment, we retrieved a single trout from the high-density pond-side of pond 3 (table 1) . We assume it leapt the barrier between pond-sides, since the barrier itself was still intact and without holes. This pond was excluded from statistical analyses, although we include the trout pond-side in the figures for comparison.
The experiment was terminated after three months following the methods of previous experiments conducted at the pond facility (Schluter 1994; Vamosi et al. 2000; Pritchard & Schluter 2001) . We added 0.5 kg of 5% rotenone (C 23 H 22 O 6 ; Syndel Laboratories) to each pond-side and retrieved fishes with large dip nets as they swam to the surface. Sticklebacks were narcotized with MS-222 and fixed with 10% formalin. Trout were narcotized with MS-222 before their stomachs were dissected, fixed with 10% formalin for at least a week and transferred to 37% isopropyl alcohol. The following day, we searched the bottom of each pond-side for dead sticklebacks overlooked on the first day. These fishes were also fixed with formalin but were used only to calculate the total number of fishes retrieved from each pond-side. Fishes were removed from formalin after one week, stained with Alizarin red S and preserved in 37% isopropyl alcohol. All fishes recovered from ponds were counted and survival and growth rates of the cross types were determined in a random sample of 100 fishes from each pond-side. A total of 1000 fishes were measured (table 2) .
(e) Statistical analyses
We analysed results from the incomplete block design (blocks = ponds) using multiple regression. This is the recommended approach when designs are unbalanced (Hicks 1964; Lindman 1992) as in the present experiment. With this analysis, the effect of treatment is calculated simultaneously with block effects. The significance of treatment effects is tested after block effects are accounted for. The whole pond-side, rather than the individual fish, was the unit of replication. For this reason the interaction between block and treatment was not included in the regression model. Because all three cross types were stocked together, their separate survival and growth rates are not independent (Werner & McPeek 1994) . Thus, we analysed the mean response of each cross type separately or we analysed differences between the mean of types in their responses. We were interested in two differences: that between mean benthic and limnetic responses; and that between mean hybrid and the mean of the two parent species' responses. Survival is the number of individuals retrieved from a pond-side divided by the number introduced at the start of the experiment. Survival proportions were arcsine transformed prior to analysis. Growth rates (mm day
where L e is the standard length of an individual at the end of the experiment, L s is the mean standard length of its cross type at the start of the experiment, and D is the duration of the experiment in days (D = 45 days). We applied a logarithmic transformation (base e) to growth rates prior to analysis.
RESULTS
(a) Limnetics and benthics
Survival of benthics and limnetics was highly variable among replicates and did not vary significantly with treatment (table 3) . There was, however, a significant treatment effect on the difference between benthic and limnetic survival (table 3). Tukey's HSD-test revealed significant differences between trout and low-density treatments and between trout and high-density treatments. The relative survival of limnetics was higher than that of benthics in low-density and high-density treatments and lower in trout treatments (figure 1). Pond effects were absent in all three cases (table 3) . We wished to determine which of the two species was most affected by the addition of trout, thus contributing to the observed pattern in relative survival. To do this, we analysed benthic and limnetic survival using a one-way ANOVA, ignoring block effects (which were not significant; table 3). The results of this post hoc analysis suggest that limnetics (F 1,7 = 5.85, p = 0.05) contributed more strongly to the observed pattern in relative survival than did benthics (F 1,7 = 0.13, p = 0.73). We detected a significant treatment effect on growth of both benthics and limnetics and no effect on the difference in mean growth between benthics and limnetics (table 3). Tukey's HSD-tests revealed that growth rates of both species were higher in the low-density treatment than in trout and high-density treatments (figure 2). Significant pond effects were absent in all cases (table 3) .
(b) F 1 hybrids F 1 hybrids survived poorly overall (figure 3). Their survival was significantly below the average survival of limnetics and benthics (paired-sample t-test; t 7 = 5.56, p Ͻ 0.001). F 1 hybrids constituted 23.7% ± 1.5 of the fishes retrieved at the end of the experiment, which is 9.6% lower than their frequency at introduction. However, there was no treatment effect on the survival of F 1 hybrids (table 4) . Neither was there a treatment effect on the difference between the survival of F 1 hybrids and the mean of benthic and limnetic survival (table 4). Adding trout did not reduce relative F 1 hybrid survival below the low value observed in their absence. No significant pond effects were detected on hybrid survival (table 4) .
We detected a highly significant effect of treatment and pond on the growth of F 1 hybrids (table 4). Tukey's HSD- test revealed that their growth rates were higher in the lowdensity treatment than in the trout and high-density treatments (figure 2). There was, however, no treatment effect on the difference between hybrid growth rates and the mean of benthic and limnetic growth rates (table 4) . Furthermore, a weak pond effect on this difference was detected (table 4) .
DISCUSSION
Limnetics and benthics were differentially affected by the presence of trout. Limnetics survived better than benthics in the absence of trout, whereas benthics survived better than limnetics in the presence of trout. This pattern in relative survival appeared to be driven primarily by a reduction in the survival of limnetics in the presence of trout. Two factors possibly contributed to this pattern. First, limnetics have shorter body lengths and narrower body depths than benthics (Schluter & McPhail 1992) , which may make them more vulnerable to gape-limited predators (e.g. Brönmark & Miner 1992) . This size handicap should be mitigated at least partially, however, by their increased amounts of defensive armour (table 2; McPhail 1992; Vamosi 2002) . Reimchen (1994 Reimchen ( , 2000 has demonstrated that spines and lateral plates increase the probability of post-capture escape of sticklebacks from cutthroat trout. Second, and possibly more important, is the habitat use of limnetics compared with benthics. Based on stomach analyses of sticklebacks recovered at the end of the experiment (S. Vamosi, unpublished observations), limnetics foraged on zooplankton in the open water habitat even in the presence of trout. Benthics, by contrast, foraged in the littoral habitat, regardless of treatment. These different patterns of habitat use may have resulted in relatively high encounter rates between cutthroat trout and limnetics and low encounter rates between cutthroat trout and benthics (cf. Werner et al. 1983; Mittelbach 1984; L'Abee-Lund et al. 1993) .
Previous hypotheses to explain the origin and maintenance of morphological and habitat differences between the sympatric stickleback species have concentrated on interspecific competition (Schluter & McPhail 1992; Schluter 1994) . Our results on survival of benthics and limnetics suggest that predation by cutthroat trout may Table 4 . Effects of treatment (low-density, trout, high-density) and pond (block) on survival and growth of hybrids and the difference between the survival and growth of hybrids and the mean survival and growth of the parent species. Survival of F 1 hybrids was low overall but, contrary to our predictions, not significantly affected by the presence of trout. Divergence between sympatric benthics and limnetics thus does not appear to be maintained by increased vulnerability of F 1 hybrids to cutthroat trout. Despite the lack of a treatment effect on hybrid survival, ecological factors are nevertheless implicated in their poor performance because reduced survival is not seen in the laboratory environment (Hatfield & Schluter 1999) . One possibility is that invertebrate predators (e.g. backswimmers, dragonfly larvae, and dytiscid beetles), which are present in the ponds and prey on young-of-the-year sticklebacks in the wild (Reimchen 1980; Foster et al. 1988) , may have reduced hybrid survival. These invertebrates are found in shallow, vegetated waters (Foster et al. 1988; Vamosi 2002) where hybrids and benthics concentrate their foraging activities, as inferred from gut content analyses (Vamosi et al. 2000; S. Vamosi, unpublished observations) . Evidence that invertebrates selectively prey on smaller and (or) more armoured (Foster et al. 1988; Vamosi 2002 ) sticklebacks suggests that hybrids may be more susceptible than benthics. Alternatively, reduced hybrid fitness may stem from other ecological mechanisms unrelated to predation.
Mean growth rates of F 1 hybrids were intermediate between the parent species, with benthics having the highest growth rates. Reduced growth rates of F 1 hybrids compared with benthics has been observed in previous field experiments (Hatfield & Schluter 1999; Vamosi et al. 2000) but not in the laboratory (Hatfield & Schluter 1999) . What might be causing the different patterns observed in laboratory and field experiments? One possibility is that the field setting allows competition between hybrids and the parent species, whereas isolation of cross types prevents such competition in the laboratory. In the field there is significant diet overlap between hybrids and Proc. R. Soc. Lond. B (2002) parent species (Vamosi et al. 2000) . On the other hand, this hypothesis would predict higher growth of F 1 hybrids in the low-density treatment relative to that of the parent species than in the high-density treatment, whereas no such differences were observed. Another possibility is that growth rates in the benthic species are suppressed in the laboratory by crowding.
Generalizations have yet to emerge on the effects of predation on the relative fitness of parent species and their hybrids. This is partially due to the paucity of studies considering predation on hybrids and partially to the diversity of results obtained in the few studies conducted to date. Semlitsch (1993) , for example, measured the survival of hybridogenetic Rana esculenta and one of the parent species (R. lessonae) and demonstrated higher survival of the hybrid in the presence of dragonfly larvae, but no difference between the two taxa in the presence of fish and newt predators. Spaak & Hoekstra (1997) showed that Daphnia cucullata × D. galeata hybrids were less vulnerable to fish predation than D. galeata but more vulnerable than D. cucullata. Finally, Wahl & Stein (1989) demonstrated that Esox masquinongy × E. lucius hybrids were more vulnerable to predation by largemouth bass (Micropterus salmoides) than either of the parent species. Continued interest in the role of ecology in evolution (Schluter 2000; Schneider 2000; Reznick & Ghalambor 2001 ) may eventually enable us to resolve the relative importance of predation in the origin and maintenance of divergence in sympatry. 
